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Why study quarkonia?

» quarkonium suppression in heavy ion collision due to color

screening effect in Quark-Gluon Plasma (QGP)
T. Matsui and H. Satz PLB 178 (1986) 416
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Color Screenin

e Low temparature « High density
« High temperature

 QGP thermometer — different quarkonium states melt at different

temperatures A. Mécsy, P. Petreczky , Phys. Rev. D77, 014501 (2008)
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Quarkonium production

« quarkonium production mechanism in elementary collisions not fully

understood

e observed J/{ Is a mixture of various production mechanisms:
» Prompt: direct production (60%), decay of W(2S) (10%) and

X, (30%)

» Non-prompt: B-mesons decay (up to 25% at 12 GeV/c)
Phys. Lett. B772(2013) 55

* suppression and enhancement of the quarkonium production due to

2
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the other effects: Ll AUAn (200 A GeV) - mmmmasnesa |
» Cold Nuclear Matter Effects: 14 1y1<035 T
» (anti)shadowing 140-20% e
* Cronin effect 2 pemiSiTIme, -
 Nuclear absorption P I
» Hot Nuclear Matter Effects: oafge— | ]
e Regeneration “f;’i-.--.—-.--'.H"ff‘“."?rﬂ‘{f; TSN
0 1 2 3 4 5 6 7 8 9 10

Phys. Rev. C82, 064905 (2010) P, (GeV)
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Nuclear modification factor R A

* Modification of heavy quarkonium production in nucleus+nucleus
collisions (A+A) compared with p+p collisions is quantified by the nuclear
modification factor :

_ 1 d'N,/dp,dy
" (Ney) d° N, /dp,dy

R >1.... enhancement
R =1.... no medium effects
R,.<1.... suppresion

R

e p+p collision : baseline for heavy ion collisions, study of quarkonium
production mechanism

e d+Au collision: study of Cold Nuclear Matter effects

 Au+Au, U+U collision : study of hot/dense medium effects
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The Solenoid Tracker At RHIC (STAR)

n Time Of Flight
R-5Q71%) _[Nn1<1]| (rop)

e « PID via 1/
> « TOF+TPC - separation of

electrons from hadrons up to
1.4 GeVlc

. Y

Barrel ElectromagneticCalorimeter \ _ : — s
(BEMC) | Time Projetion Chamber
« trigger on electrons § (TPC)
 separation of electrons from . * tracking

hadrons via pc/E  * PIDvia dE/dx
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The Solenoid Tracker At RHIC (STAR)

ime Of Fligh
JIp - |,|+|J-.”(B.R. 5:9‘23%))-| r] | <0.5 '(r_ll_lg)lE)O Flight

W,

W27 R e PIDvia1l
W, IB

a ias? 4Q L — « TOF+TPC - separation of e
' | - from hadrons up to 1.4 GeVI/c

. . L. v

Muon Telescope Detector

(MTD)

e trigger on muons

 muon identification

time resolution ~ 100 ps

fully installed in 2014

In|<0.5

muons vs. electrons
« smaller background from Dalitz € Projetion Chamber

decay, ho y conversion ) ;
- less affected by bremstrahlung 3acking
pc/E D via dE/dx

.
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A L S0,
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JIY p. spectra in p+p collisions

200 GeV 500 GeV
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O — i ] =
ST o p+p@ 200 GeV S 1F o STAR Jly—p, |y|<0.55
S8 gr10?f 41 = [ == (mean p_) -
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§'§t 5 e D‘f? STAR preliminary 73
S © = ]
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SS9 4
NS = 3] -
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-~ Oa 3 - + ]
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p, [GeVic]

P, [GeV/c]

Phys. Rev. Lett. 113 (2014) 192301

JHEPO5 (2015) 103

« CGC+NRQCD (low p.) and NLO NRQCD (high p,) together can describe the data
well both at 200 GeV and 500 GeV
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J/Y In d+Au collisions

%
> T I | | T T T T I 2
<25 o STAR ly|<1 I I I - S25- e STAR lyj<t d+Au — Jy+X - _QC;.
2 o PHENIX |y|<0.35 d+Au — J/y+X oC o PHENIX |y|<0.35 (S, = 200 GeV 2
oC EPS09 (minimum bias) EPS09 NN z
| . EPS09+0,,, (8 mb) . 3
S| EPS09 +Gabs (8 mb) .NC : _ 2 abs &
Ep+p (syst) _ 8%
p+p (stat) =88 5L O leyet) | 838
= (e S S CPHENIX S
PHENIX S ’@&'(é) g
02 S SR3Y
SB35 ] 238
N O D . -
+— o@dr | Tl SEER
oo T e gjgg
e L6 LS 05 e 12228
— O é‘ L O nng o o o
rgpro STARO<p <3 GeV/c G v
5989 PHEN|X0<p <5 GeV/c 28522
§3§8& 0 | LS | | | | | |ja=zaaq

0 | | | | | U2 4 6 8 10 12 14 16 18

0 1 2 3 4 5 N
P, [GeV/c] Coll

study of Cold Nuclear Matter (CNM) effects
Ryae = 1 (no suppresion) for high p, mm» influence of CNM effects is

small
PHENIX low p_ results :} iIndication of sizable CNM effects

STAR results consistent with PHENIX results and EPS09 model within large
uncertainties.
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J/p production vs. event activity

A 22 L LI 1 L 1 L LI 1 J LI ; L LI | 1 L) L] 1 I [l A 20
= STAR Preliminar ] 2 . o
S 20 y 1 22, [STAR preliminar
prd p+p—Jip+X 15=200 GeV ] v 181 .
V 1 8 . — - p+p collisions
— #@ STAR Unfolded Mult.: JAp p_>1.5 GeVic 3 .-
> 16 T 3 16/~ ® STAR 200 GeV: Jiy—ee, lyl<1, pj21.5 GeVic
Z% —— PYTHIAB.183: Jiy p_>1.5 GeVic - 14: ® STAR 200 GeV: Jiy—e'e’, lyl<l, p 34 GeVic
14 e STAR Unfolded Mult.: Jhp p. >4 GeVic —: C ALICE 7 TeV: Jiy—e'e, lyl<0.9, p =0 GeVic
_I 2 —— PYTHIAB.183: iy p_>4 GeVic _.f 12: ® ALICE 7 TeV: D meason, lyl<0.5, 2<p_<4 GeVic
10 Percolation model p>0 GeVic ,_: 10
: & ¥
E S %
T - o
. ar H .
E o , R
- C et _‘ -
_,;"I | 1 1 1 1 1 1 | 1 1 | 1 1 1 | 1 1 1 1 1 11 |
5 “0 1 2 3 4 5 6 7
PRC 86 (2012) 034903, Mult/<Mult> Event activity

Phys.Lett. B712 (2012) 165-175

and private communication Nucl.Phys. A931 (2014) 552-557

stronger-than-linear growth for relative J/{ yield ™= soft and hard processes
are correlated

PYTHIA8 and Percolation model reproduce trends in data well

hint of different trends for low and high pT J/Y

similar trend at LHC and RHIC
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JNP suppresion In Au+Au collisions

e+e- channel

¢

. larger suppression at low p_ 181" _Zhao, Rapp (a) 0-60% TO® STAR  (b) 0-20%

than at high p. at all centralities L[ et | ©PHENIX j
e suppression decreasing towards 1'21: _______________________ e |
high P+ gg .. - 4k 4
e consistent with unity at 0.4 Bl

high p, in semi/peripheral 2 = .
o 18 e
collisions s 20-40% |

e remaining suppression at 1.4 1

high p, in central collisions 1

 model calculations (including 0.8

. . 0.6
color screening, regeneration, 0.4
B feed-down and formation time 0

effect) can qualitatively 0
describe the data

Phys. Rev. C 90 (2014) 24906
Phys. Rev. Lett. 98, 232301 (2007)
Phys. Lett. B722, 55 (2013)
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J/Y In Au+Au collisions

e+e- channel

e suppression increases with

1.8 . . .

A+A —= Jp+X @

centrality 1 '6_\"% = 200 GeV :
« high p; data less suppressed than |
low p, -

e N0 recombination
* no CNM effects (from d+Au
collision)
« models including initial production

oC

1.2

é -- $
0.8 [, p

STAR Au+Au

STAR {p > 5 GeV/c)
PHENIX Au+Au (lyl<0.35)
Zhao, Rapp

Zhao, Rapp {p >5 GeWc]

Liu et al.

Liu et al. (pT > 5 GeV/c)

200 250 300 350
part

and recombination can qualitatively 0.6H | <|F @
describe the data R’ . &'C
. suppression of high-p. J/y in central >4
Au+Au collisions 0.2
md clear QGP effect N
arXiv:1310.3563

PLB 678, 72 (2009)
PLB 664, 253 (2008)

September 19-24, 2016 XXIII Baldin ISHEPP

Phys.Lett. B722, 55 (2013)
PRC 82, 064905(2010)

PHENIX Phys. Rev. Lett. 98, 232301 (2007)
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Iy elliptic flow
¢t

e+e- channel

0.25

 measure the second-order 0.2
Fourier coefficient (v,) 0.15
E{JSN ! d N ( I+§ v, cos[n(p—W )]] 0:;
dp 2mpdpdy| = TR s ,
- primordial: little or zero v, 0.05
- regenerated: inherit v, from 0.1
constituent charm quarks -0.15

. for p, above 2 GeV/c, v, is
consistent with zero

STAR, PRL 111 (2013) 052301

PRL 97 (2006) 232301

PLB 595 (2004) 202

ArXiv: 0806.1239

Phys. Lett. B655, 126 (2007)

NPA 834 (2010) 317

U.W. Heinz and C. Shen, (private communication)

" Au+Au 200 GeV 0-80 % @ STAR Jiy—e*e’ Runi104+11
= 4 e

= o o P i

— ._____,I‘yl-

;:-.-lﬁ-—f— 112

- [ maximum non-flow STAR preliminary
§ initially produced

o coalescence from thermalized cT

i initial + coalescence

= initial + coalescence
:l||T|T|_||h|v|dr?qqn|a|rr|“|cll|||||||||||||||||||||||||

—
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1 3 4 5 6 7 8 9 10
p_ (GeV/c)
disfavor the scenario that J/{ with p_ > 2 GeV/c are produced
dominantly by coalescence of fully thermalized charm quarks
XXIII Baldin ISHEPP 12



JIY p. spectrum Iin Au+Au collisions

u+u- channel

o _
— 43 Au+Au @ 200 GeV
o 10° = ® 0-60%x10
=
-4 [ = .
8 10 i STAR preliminary * 0-20% =S
— 10° = W 20-40%/5 S
= . = 9 S
T _10°; ©® s + 40-60%/10 ~8
=1 -y “ &)
ﬂ -7 B ey 5‘ v
D_I—'lﬂ' E = = Qg
: — “"__-. N -
S 10°E N = NS
— = = = m O
rﬁ 10° a5 T a
= i T @
D10t < X
= Open:Jiy—e'e, lyl<1 N0
10" Filled: Jiy—uy, Iyl <05
’ n'”: —TBW fit (=0)
1':'-13 EI PR [N R T [T TN T A N N N (NN T TN M AN S N N TN T S A
0 2 4 6 8 10 12 14

P, (GeV/c)

* first mid-rapidity measurement of J/{ yield in Au+Au collisions via
dimuon channel for 0 < p_< 15 GeVic

 consistent with the published dielectron results
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J/p suppresion in Au+Au collisions

1.8
1.8
1.4
1.2

0.8
0.6
0.4
0.2

1.65
1.4F
1.2F

HA A
—

u+u- channel

1.8E

0.8F
0.65
0.4F

= STAR Au+Au @ 200 GeV 0-60% [ STAR vreliminary 0-20%
= Jhy—p'w, Iyl <05 = CAn premman
E i Jhp—ee, lyl <1 (MB) =
E ¢ Jiy—e’e, lyl <1 (HD) =
= B i g % % 2 % : % "
3 b oGabg
T 1 1 1 .|...|.f...|.|...|...| | T
= 20-40% [ m 40-60%
E 8 $ " @
= = ul
0.2 -
TR R R B R L v o by o by vy by By by by by v by Loy ooy Loy 1
0 2 4 [ [} 10 12 14 ) 2 [} 6 [] 10 12 14
P; (GeV/c) P; (GeV/c)

STAR PLB 722 (2013) 55

STAR PRC 90, 024906 (2014)

« consistent with dielectron channel results within uncertainties in all centralities
» strong suppression at low p_: dissociation, regeneration, CNM effects

- less suppression at higher p_ : dissociation, longer formation time

September 19-24, 2016
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Centrality dependence: RHIC vs LHC

u+u- channel

p,>0GeVic p,>5GeVic
2 1.8
- p.>0GeVic STAR preliminary — % STAR: Au+Au, |5 =200 GeV,lyl<0.5, p_>5 GeV/c
— T — —_—
- : T .
160 © PHENIX: Au+Au, |/s,, =200 GeV Iyl <0.35 -
"E @ ALICE: Pb+Pb, {5, =2.76 TeV Iyl <0.8 14
~ - : - . 3
S 14— 12 STAR preliminary S
< & - - N
& N < 1.2 p- S N )
S |k >
ac\\i = C 4 0.8 ©
) - - | Q
TR 7 i
o O 0.8 :: — I
o2 il B ool ;
2 06f ; o [] ¥ 0 =
83 oab . 4 *
& = Ll 0.2 w 0
0'2; STAR N_,, uncertalnty —  STARN_, uncertainty
0 T T T T T T UT— ce v v b v v e e v
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Npart Il'”'li'ﬂ"T

 STAR data are consistent with PHENIX but have better statistical precision
« p, >0 GeV/c: more suppressed at RHIC than at LHC in central collisions

« p,>5 GeV/c: less suppressed at RHIC than at LHC in all centralities
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Transport models: RHIC vs LHC

h I Model | at RHIC:Y. Liu et al. - PLB 678 (2009) 72

l‘+"' C an ne Model | at LHC: K. Zhou et al. - PRC 89 (2014) 054911
Model Il at RHIC: X. Zhao and R. Rapp - PRC 82 (2010) 06490
Model Il at LHC: E. Scomparin - NPA 859 (2011) 114

ALICE : PLB 734 (2014) 314

p,>0GeVic p,>5GeVic
2 — — _ 1.8
- p,,,>0Gevic STAR preliminary - & STAR: Au+Au, |5 =200 GeV, lyl <0.5,p_>5 GeVic
1.8y STAR: Ausu, |5, = 200 GeV |y| <05 1.6~ @ CMS:Pb+Pb, |5, =276TeV,lyl <24,p_>6.5GeV/c
1.5:_ 3 PHENIX: ALH*AU,’ENN: 200 GeV |y| < (.35 4 4:_ Transpon Model | — RHIC —LHC

- B ALICE: Pb+Pb, 1”5"" =2.76 TeV |1|f| <08 - - Transport Modelll -- RHIC --LHC
3 1.4 - Transport Model | - — RHIC LHC 1.2 STAR preliminary @
o - Transport Model Il --- RHIC LHC - e
) < 1.2 <« L[ N
N e [ 4 o . - - - I 3
N = C N
o 1 ~
8 2 F . 8
= - I Q
© 0.8f n T
7 - — 5
X - — S
S 0.4 -
£ : ;
Q 0.2 sTARN_, uncertainty -  STARN,_, uncertainty =e=aa.

0 - [ B R L | S T B [ L A ol 1 Lo v v bvv v v b by v by v b g 0 1y
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Npart Npart

 p,> 0 GeV/c : both transpost models including dissociation and

recombination effects qualitatively describe centrality dependence at RHIC,
but tends to overestimate suppression at LHC
p, > 5 GeV/c : there is tension among transport models and data
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JIp elliptic flow

u+u- channel

0.41
» measure the second-order ogf AU 200 GeV 0-80% STAR preliminary
Fourier coefficient (v,) -
. primordial: little or zero v, 02F _
. regenerated: inherit v, from 0.1 i 3 % E
constituent charm quarks > oF | _
. first measurement of J/{ v, 01 w
: : = *x JAp—u'u lyl < 0.5, Runi4
- 0.2F
In di-muon channel : ® Jiy—e'e lyl <1, Run10+11
. . —0.3 = [ maximum non-flow
.reSUItsareconSIStentWIth 04:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

di-electron channel within o 1 2 3 4 5 6 7 8 Gewm
large error bars P, (GeV/c)
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J/Y In U+U collisions

* U nuclei are non-spherical and larger

= 18

than Au nuclel Ty
E.:r:. |'4;_
: .. . “ 120 e
* in U+U collisions the energy density of I8
the created medium is expected to be 0.8
higher (20% “side+side”, up to 30% "tip+tip”)
than in Au+Au collisions 0.2

» central U+U collisions — energy density
IS the highest - good tool for studying
the QGP

© 9

Au+Au

side+side
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Centrality [%]

Phys. Rev., C 84. 054907 (2011)

60 e

tip+tip
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2 E_ 1 U+U 1913(':':9\! | | rS'I'.alﬂLRIPr:;]inl'uinury (lyl<1)

18F o  0.60% (EMC) =
16F = 0-80% (MB) -

Au+Au 200GeV —

1.4F
< 1.2F o 0-60% (EMC, PLB 2013) .
(vg - o 0-60% {‘\1]3 arXiv:1310.3563) -
> Voo || S i |
= = N
0.8 " H \H
0.6 - = | .
G . O a$ ' '# N
u‘4 :__ L E i I:l\;.'nl' Lll]L'u.:r1;;||n[}-_:
S Mo, uncertainty
0.2 - Dp-leH]{ eV Sysr]
U | ] 1
0 2 4 6 8 10
p (Gev/c)

e suppression of J/{ production
iIn U+U collision at 193 GeV is
similar to that observed in
Au+Au collision at 200 GeV
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Nucl. Phys. A931, 596 (2014)

1.8

1.6

1.4

1.2

0.8

0.6

0.4

0.2

INn U+U collisions

ar
- AA o Jly + X —— Zhao-Rapp 200 GeV
- = Au+Au 200 GeV — — Zhao-Rapp 62.4 GeV
— . Zhao-Rapp 39 GeV
- ® Au+Au 624 GeV [ N, uncertainties _
— = Au+Au 39 GeV [ p+p 62.4 GeV uncertainty
- o I p+p 39 GeV uncertainty
— ® U+U193 GeV MinBias [ p+p 200 GeV stat. uncert.
1t
;”x.
Z_ TR e e p—
'3: [ i i [ | L1 | |||||| | 1
0 50 100 160 200 250 300 350 400
part

« U+U MB data is consistent with

Au+Au results at similar N

Phys. Rev. C82, 064905 (2010)
Phys. Rev. C87, 014908 (2013)

* no significant energy dependence

observed in Au+Au collisions at 39,

62.4 and 200 GeV
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Summary

 JY production in p+p 200 GeV and 500 GeV collisions:
» p, spectra described well by CGC+NRQCD and NLO NRQCD calculations

 JY production in d+Au collisions:
« high p. — Iinfluence of CNM effects is small

« low p_ - indication of sizable CNM effects

 JJ production vs. event multiplicity shows correlation between soft and
hard processes — similar trend at RHIC and LHC
* JIY production in Au+Au collisions:
» significant suppression — increases with centrality and decreases with p_

- clear QGP signal

« different models including color screening and regeneration can
gualitatively describe the data
« di-muon data consistent with di-electron data
- collective behavior of J/IY: v, consistent with zero for p_ > 2 GeV/c

— contribution from coalescence of fully thermalized charm quarks is small
 JJV production in U+U collisions:
 similar suppression patterns to Au+Au collisions

September 19-24, 2016 XXIII Baldin ISHEPP 20



Thank you!
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BACK UP
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J/p polarization

e study via the angular distribution of the decay lepton pair (J/{ — e+e-)
d%o
dcos O do

- Helicity (HX) frame: z along p,,, in collision center of mass

» Collins-Soper (CS) frame: z along bisector of the angle formed by one
beam direction and the opposite direction of the other beam in the J/{ rest
frame

oc 1 +Agc0s°0 + Ay sin20cos + A, sin’0 cos 2¢

. longitudinal polarization observed at highp. T longitudinal polarization'.
¥ -0 -
guarkonium z, N ' “E
rest frame 6 ,l [ g
W; Ay ==1/3 & 2
: w7 A=-13 A =-1 2
production ! | 3
plane ! 1 :;”
fp\‘\, \ A; =4 J. =0 =
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J/p polarization

d?o
2 . . 2
o 1+Agc0s°0 + Ay, sin20cos + A, sin“6 cos 2¢
dcos O do

o lp———— R e e s e o I T ]
< o.gEP+P — Jy+X 1 E < o.gf PP = JuX E
0.6STAR J/y 500 GeV ¥ HXframe 3 0.6 -STAR J/y 500 GeV ¥ nxtrame =
0.4 = ,_; - L €S frame = 0.4F- 4+ CSframe 3
028 bl - 0.2 | 3
uf_ ........ . [- ...... 1 .......................................................................... _f 0 :!L__:
-02F - 3 -0.2 3
04 1 g E ' i 1
-U.E:_ ) ’ . _.:' -[:'E' —1- —:
08E ' 3 -0.8 =
UIB“IEETAR F‘tielim'rnar}rl | | | 3 -1 S.T'F‘R.p';elilmt"ﬂl"?l N T T
YT T s 8 10 12 11 1. 4 6 8 10 12 14 16
P, (GeVic) p, (GeVic)

- towards longitudinal polarization with increasing p.

September 19-24, 2016 XXIII Baldin ISHEPP 24



Very low p_ J/{ excess

- observed excess of very low p_ J/{ in peripheral

collisions

« features consistent with coherent photo-nucleus

Interaction

V=p, w, ¢, J

T'T
- -
L= =]
L] -
I
]

-y
=
=1

+ Au+Au 20-40%
» Au+Au 40-609%

B, d*N/(2rp_dp_dy) [(GeVic)?]

, — < 10°
STAR Preliminary v
U+U 40-60% _ i ’
U+U 60-80% I 4

10 |

STAR Preliminary

= Au+Au 200 GeV
= U+l 193 GeV
.p-i-p baseline uncertainty

BN, uncertainty
centrality: 60 - 80%

107 L = Au+Au 60-80% i L
10—3 ]
1072 107" 1 1072
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